As the end of the millenium approaches, we reflect on the monumental advances in cell biology that have been achieved, particularly in the last 50 years. Consider that proteins were first found to have precise amino acid sequences in 1953 by Sanger, about the same time that Watson and Crick deduced the three-dimensional structure of DNA. In this context, it seems remarkable that we now have such an intimate understanding of at least some basic cellular mechanisms, thanks largely to relatively recent advances in genomics, molecular biology, and in vitro techniques for the study for protein structure and function. Nowhere is rapid progress more evident than in the field of apoptosis, where the basic framework of this process has been defined at the molecular level in only the past 10 years (see Figure 1) .
In 1990, apoptosis was known to be a form of cell death distinct from necrosis, involving a characteristic set of morphological changes and DNA fragmentation. 1 Although a number of genes had been implicated in cell death in Caenorhabditis elegans, their biochemical functions, and the degree to which these mechanisms were conserved in mammals, were completely unknown. At about the same time, investigators in a seemingly unrelated area, inflammation, were engaged in the study of pro-IL-1b processing, in the hope that identification of the responsible protease would provide a starting point for the development of new therapeutic agents. This work led to the discovery of a novel protease, interleukin-1b converting enzyme (ICE), now known as caspase-1. 2, 3 The connection between caspases and apoptosis was made late in 1993 when Junying Yuan and her colleagues reported that caspase-1 is related to a Caenorhabditis elegans death gene, CED-3. 4 This work not only reinforced the prevailing view that molecular mechanisms of cell death were highly conserved, but established proteases, caspases in particular, as key mediators of this process.
This seminal finding led to an explosion of interest in these enzymes, which has resulted in what is probably a fairly accurate view of the fundamental mechanisms they employ to kill cells. The details are far from clear, however, particularly concerning strategies that cells use to regulate this process. As the end of the first decade of caspase research approaches, it seems an opportune time to review the current thinking regarding the roles of these enzymes in cell death, and summarize some of the challenges that remain for future research in this area.
Caspases and cell death
As described in the overview of caspase structure and function by Nicholson, there are currently 11 human caspases. The precise biological functions of several of these enzymes remain to be established, but it is clear that they play pivitol and distinct roles in both inflammation and apoptosis, raising intriguing questions as to the evolutionary relationships between these processes. The structural and in vitro biochemical properties of these proteases are well understood; on several counts, these enzymes are perfectly engineered to implement the highly coordinated and regulated events of apoptosis.
For example, the well ordered and specific cleavages of proteins that are required to mediate apoptosis require a proteolytic machinery that is highly discriminatory. In fact, caspases are among the most selective of proteases, with a stringent specificity for cleavage after aspartic acid. The Nicholson review includes the most comprehensive list of identified endogenous substrates for caspases to date. From work in this area, it is now clear that a number of different strategies are employed to kill cells, including dissembly of cellular structures, deregulation of homeostatic processes, and inactivation of apoptosis inhibitors.
The review on catalytic properties of caspases, by Stennicke and Salvesen, serves as a reminder that, fundamentally, caspases are proteases, and have many of the structural and functional characteristics of other protease family members. For example, like other proteases, caspases are synthesized as zymogens that require limited proteolysis to produced the mature enzymes found in apoptotic cells. Likewise, it is now clear that these zymogens are activated in cascades that are clearly reminiscent of protease cascades found in other biological systems.
As described in the review on caspase cascades by Slee, Adrain and Martin, the currently held view is that initiator caspases proteolytically activate effector caspases, which in turn employ the strategies described above to dismantle the cell (Figure 2) . Recent data by the authors, however, suggest that the story is not so simple, and that effector caspase maturation is followed by activation of other caspases (including some previously believed to function only as initiators) during an amplification phase of cell death. The notion that caspase cascades contain amplification pathways provides an attractive rationale for the rapid onset of apoptosis that is observed under some conditions. However, a cautionary note should be added, in that the molecular ordering of caspases as presented in the review is derived largely from in vitro studies; clearly, more work is required to understand the sequence of events that occurs in vivo.
How are initiator caspases activated? As summarized by Kumar, it appears that these enzymes employ an`induced proximity' model of activation in which proenzyme oligomerization, mediated by specific auxiliary proteins, results in activation by intermolecular autoproteolysis. While there is good evidence for this model, the precise molecular basis for zymogen activation remains a complete mystery. It is likely that some of the paradigms established for other proteases will apply here; 5 however, the definitive resolution of this question will almost certainly require a threedimensional structure of a caspase zymogen.
The existence of caspase cascades, and their importance in apoptosis, has been elegantly confirmed by targeted gene disruption experiments, as described in the review by Flavell and colleagues, and in the description of the Apaf1 knockout by Cecconi. Work with cells from these animals has also definitively established that different pathways are triggered by distinct pro-apoptotic signals.
Most unexpected were the remarkably tissue-specific phenotypes of caspase deficient animals, despite the presence of multiple caspases in these tissues. This, together with the observation that different phenotypes are observed with caspase knockouts and animals that are lacking in their corresponding regulatory proteins (eg.
Apaf1/caspase-9, Fas/caspase-8), and the finding that at least some phenotypes are strain-specific, indicates that there is still much to learn about the function and cellular (and sub-cellular) distributions of individual caspases and their regulators.
To make matters even more complicated, there is increasing evidence that caspase-independent pathways of cell death exist, and also that caspases may have functions in addition to their well-established roles in inflammation and apoptosis. The latter is described in the review by De Maria and colleagues. Particularly surprising are accounts that caspase-3, the prototypical pro-apoptotic caspase, is activated in cells in the absence of detectable cell death. Although more work is required to confirm that observation (particularly given the difficulties associated with stabilizing caspase zymogens past cell lysis), it raises the question of when commitment to death occurs, and reminds us that cells go to extraordingy lengths to protect themselves from accidental apoptosis.
In this regard, caspase regulation is clearly one of the most poorly understood facets of apoptosis. Regulatory molecules include apaptor proteins, decoy enzymes, and direct inhibitors. Other potential mechanisms of regulation for which there is evidence include phosphorylation, nitrosylation, and compartmentalization. As described in the review on caspase inhibitors by Vaux and colleagues, the IAP proteins are the only known endogenous 
Challenges for future research
Although caspase regulation remains one of the ripest areas for future research, there are many other formidable challenges. Studies with caspase knockouts have only begun to reveal the complexities of the pathways that exist in different cells and tissues during development. Virtually nothing is known of the caspase pathways that are utilized in fully differentiated organisms. The redundancy that is sure to exist in some cases is a further complicating feature.
Yet another layer of complexity was recently revealed by Lenardo and colleagues, who have found that individuals with a severe autoimmune lymphoproliferative disorder (ALPs Type II) have a defect in caspase-10. 6 Surprisingly, Fas signaling is attenuated in lymphocytes from these patients, despite the presence of caspase-8. This raises the fascinating possibility that signaling by death receptors may require the formation of mixed heterodimers of caspase-8 and capase-10.
At present, the issue of how cleavage of caspase substrates results in most of the biochemical and morphological changes that are observed is relatively unclear. As described in the Nicholson review, Sahara et al. have recently identified the protein that appears to be required for chromatin condensation, using a combination of solid biochemistry and antisense techniques. This study serves as a nice example of the kind of approaches that Figure 2 Caspase cascades mediate the initiation and execution of cell death. Pro-apoptotic signals trigger the recruitment of initiator caspase proenzymes to multiprotein complexes with specific adaptor proteins. The`induced promixity' of caspase proenzymes in these complexes is believed to result in activation via intermolecular autoproteolysis. The mature enzymes activate effector caspases which, in turn, cleave a large number of structural, homeostatic, and regulatory proteins, resulting in cellular disassembly are required to definitively establish the functions of individual caspase substrates in apoptosis. Gene knock-in techniques with putative caspase substrates in which the cleavage sites are mutated should also prove enlightening.
An understanding of the role of the mitochondrion in cell death remains elusive. Likewise, the mechanisms involved in clearance of apoptotic material are a complete enigma. It is likely that studies in lower organisms that are amenable to genetic manipulation will continue to provide insights into some of these areas. Advances in understanding will require continued evaluation and confirmation of existing models with genetics, quantitative biochemistry, and an open mind.
Therapeutic prospects
A link between dysregulation of apoptosis and disease in humans has been clearly established. For example, there is excellent genetic evidence that insufficient cell death results in cancer (p53 defects) and lymphoproliferative disorders (caspase-10 mutations). Conversely, excessive cell death has been genetically linked to spinal muscular atrophy (NAIP), and is believed to be a contributing factor in neurodegenerative disorders, trauma, and stroke, to name a few. Indeed, peptide-based caspase inhibitors have been shown to be effective in several animal models of disease, although one should be careful not to attribute too much significance to these observations, given the promiscuous nature of these inhibitors.
Although it is firmly established that dysregulation of apoptosis can be harmful, it is much less clear what to do about it. Selective induction of apoptosis for treatment of cancer will clearly require a better understanding of the death pathways that exist in normal and transformed cells. One potential strategy that has recently received some attention involves selective induction of apoptosis in the endothelial cells that feed tumors, although questions remain about the utility of this approach as a single line of therapy.
On the face of it, attenuation of excessive cell death via caspase inhibition seems more promising in the short run, at least for acute therapy. Good progress has been made recently toward the identification of caspase inhibitors with improved properties for use in vivo. The most significant issue is a clinical one: will delayed administration of a caspase inhibitor be therapeutically effective? The results reported so far in animal models look promising, but experiments with more selective inhibitors are required.
Treatment of chronic diseases that may result from excessive apoptosis is a different story entirely. Such therapy will require selective inhibitors with excellent cell penetration and good (and preferably oral) bioavailability, not a trivial task in the area of protease inhibition. Selection of a suitable target caspase will, once again, require an excellent understanding of the caspase pathways that exist in normal and diseased states. Nonetheless, if progress in the past ten years is any measure of what is to come in the field of apoptosis, it seems certain that research in the near future will results in answers to many of these questions.
